Transcatheter aortic valve implantation (TAVI) has become in the last years a primary therapeutic tool in order to treat percutaneously severe aortic stenosis in frail patients with multiple comorbidity and a high surgical risk. In almost all cases, the complexity of patients who are candidates for TAVI is also reflected in challenging access sites. This vascular issue addresses the invasive play of constantly evolving devices and resulting complications have a considerable impact on patient morbidity and mortality. For this reason, the study and the choice of the different access site require the attention and experience of the operators to reach the most reliable and feasible vascular approach for a real procedural success.
INTRODUCTION
The transcatheter implantation of the aortic valve is confirmed as a rapidly expanding treatment for severe aortic stenosis in patients with a great risk in terms of mortality to undergo cardiac surgery [1] . At the beginning of this experience, a considerable size of sheaths and catheters required a real surgical access for the device insertion, later with the advancement of the technique, the percutaneous approach became more and more common because of its less invasive characteristics [2] . However, these procedures are burdened by a significant risk of vascular complications that represent an element of criticality in transcatheter aortic valve implantation (TAVI) performance and are related with adverse events and mortality [3] . In fact, these patients are predisposed to high procedural and bleeding risk due to challenging interventions, such as vascular access damage for larger devices but also vessels morbidities and patient frailty [3] . The TAVI through femoral access is recognized as the least invasive and consequently it makes best use of the sheaths currently available. Other access options include transapical access, transaxillary, transcarotid access or a direct aortic approach. These have specific advantages and disadvantages and are used in those cases where there is no fitting anatomy to ensure safer trans-femoral access (TF) [4] . In order to achieve procedural success and avoid foreseeable complications, careful planning of the TAVI access site and route is essential. This is achieved through the pre-procedural study of the vessels involved in terms of both caliber and severity of tortuosity and calcification. Therefore, an appropriate high-quality computed tomography (CT) scan with contrast injection is required while arteriography and intravascular ultrasound (IVUS) furnish additional data [5] . In this review we describe the different vascular access characteristics as well as the most relevant vascular complications.
TF ACCESS
Current experts' consensus strongly supports the use of femoral artery as preferred access site for TAVI [6, 7] . In consideration of the feasibility of using both a surgical and percutaneous approach through the femoral artery, besides the chosen option, the operator's attention must be paid to preserve the vessel from possible damage in its use [6, 7] . Although, reducing the size of the sheath with the new generation of devices, a small proportion of patients still exhibits unfavourable iliofemoral arteries that compel them to adopt different approaches [4] . The techniques of choice for vessel closure, including percutaneous puncture and preliminary suture, are performed under loco-regional anaesthesia and require open surgical access up to 20% of cases [6, 7] . These conversions from percutaneous insertions into open or hybrid repairs apply vascular surgery closure techniques or percutaneous closure devices that reproduce them [6, 7] .
TF access using a surgical cutdown
Since the sheaths of the first devices show large sizes of about 22-French (Fr) to 24-Fr, early TAVI experiences required surgical access to isolate the artery and access it [7] . Surgical approach with tissue cutting and artery exposure is the first step in such a planned procedure and it allows to examine the vessel by checking the quality of the wall identifying optimal puncture site and at the same time potential vascular injuries can easily be controlled and repaired during one procedure. Alternatively, the procedure is performed by percutaneous puncture and the artery is treated surgically only to provide for closure of the vessel [8, 9] . Reported predictors of vascular complications in TF TAVI include moderate to severe iliofemoral calcified vessels as well as low femoral artery sheath to artery ratio and in this situation performing a surgical approach is preferable [8, 9] . Moreover, there are cases that deserve particular indications to come along surgically as an excessive depth of the vessel, as in individuals suffering from obesity, the presence of grafts or femoral stents or an anatomy that requires a higher puncture than the standard as in the case of high femoral bifurcation [8, 9] . However, the surgical approach is associated with wound complications such as lymphoceles, paraesthesia, and potential wound infection which may delay early patient mobilization, a crucial component of the recovery process for elderly patients who are prime candidates for this procedure [10, 11] . Even if the use of surgery becomes unsustainable due to the the incompetence to accomplish a safe femoral access, it is recommended to consider other possible different accesses in order to avoid predictable complications, arising from the hostility of the route, that inevitably impact on morbidity and mortality of the patient [8, 9] .
Percutaneous TF Access
The incidence of major vascular complications have decreased significantly from 15.3% in the TF cohort of the Placement of AoRTic TraNscathetER Valve Trial (PARTNER) trial utilizing 22 Fr and 24 Fr introducer sheaths to 4.2% in the Transcatheter Valve Therapy (TVT) Registry. Among them, life-threatening scenario are the thoracic aortic dissection, access-related vascular injury leading to death or significant blood transfusions, distal embolization from a vascular source requiring surgery or resulting in irreversible end-organ damage [12] . Thanks to reduced sheath size as well as the improvements in delivery systems and patient selection based on vascular assessment through the CT angiography, TAVI procedure can be done completely percutaneously in most of the situations [5] . The puncture for this access must be achieved on the common femoral artery tract bounded by the inferior epigastric artery and the femoral bifurcation, this is pivotal for functioning of the potential suture-mediated closure devices. The most recent and widespread sheaths have a size between 14 Fr and 20 Fr and they require femoral arteries of at least 6-6.5 mm of diameter and deposits of calcium and curves of mild-moderate but not severe degrees. After gaining access, the procedure continues by sliding the device upwards through the entire aorta until the valve plane is reached as previously programmed. Once the position is verified intraoperatively, the deployment of the valve, that is crimped inside the catheter, takes place either by inflating a balloon inside it or by slipping out of the catheter with the self-expanding valve structure [13] . To optimize this placement, the ventricle is stimulated at a frequency of 180-200 bpm to lower the cardiac motion. After positioning the valve, the device is carefully pulled out, the anticoagulant is reversed and the entry breach is closed. In patients with severe atherosclerotic disease characterized by multiple critical stenoses, large calcium plaques and forbidding angles, the use of femoral access is unnecessarily risky and harmful, and we can affirm the same for aneurysmal pathology. In these cases, it is important to study solutions using other possible ways to accomplish the TAVI [8] . The advantages of achieving the implantation in a totally percutaneous way include the use of local anaesthesia with the awake and collaborating patient as well as a rapid mobilization of the patient and a reduction in hospitalization time [14, 15] . Closing tools and techniques seem to have favourable outcomes and have been increasingly used; however due to the large caliber of the sheaths, vigilant closure is necessary to be effective [14, 15] . After removing the sheath, the suture threads with the guidance of additional devices such as ProGlide or ProStar as a "pre-closure" technique are definitely bound. In details, with the ProGlide system the femoral artery is punctured and dilated with a standard arterial sheath. Then, the ProGlide device is advanced over the guidewire, and the first suture is deployed slightly angulated at the 10 o'clock position. Guidewire access is maintained, and a second ProGlide device is inserted and deployed at the 2 o'clock position [16] . Instead, the ProStar device is advanced over the guidewire until the dedicated marker lumen shows blood marking, indicating that the sutures and needles are within the vessel lumen. The needles are pulled back while maintaining the position and entry angle of the ProStar device. The device is retracted, and the guidewire is reinserted through its gate. Then the device is removed, and a dilator is inserted [17] . At this point, similarly for both the systems, a regular J wire can be exchanged for a stiffer wire, and the large sheath is advanced under fluoroscopy. After conclusion of the procedure the introducer sheath is removed, the guidewire is left in position and then slowly withdrawn until haemostasis is achieved since it represents the possibility to access to the artery in the event of bleeding due to the lack of effectiveness of the closure [16, 17] . If successful, the suture knot is well tight and consolidated. Both the ProStar and ProGlide devices require experience and a check angiography is usually performed by contralateral access and it verifies the absence of injuries in the iliac and femoral vascular structures. The closure of all percutaneous endovascular access is related to a lower incidence of late groin complications and a diminished procedural time [14, 15] .
Percutaneous vs. surgical cut-down in TF TAVI
Earlier studies concerning percutaneous endovascular repair of aortic aneurysm indicated comparable feasibility and safety of the complete percutaneous femoral approach compared to surgical cut-down and repair [18] . More recently, several studies have reported complete percutaneous access and closure using the cross-over technique on the access for device deployment in TF TAVI. They suggest comparable expediency and security of this novel technique as a potential alternative to the surgical approach on arterial access of TF TAVI [19] . Compared to the surgical approach, the complete percutaneous approach using pre-closure technique for arterial access/closure of large caliber sheaths (22 Fr or 24 Fr) for TAVI is suitable with acceptable safety and potential clinical benefit including reduction in wound infection, lowering bleeding complication, and reduced hospital stay while maintaining similar major vascular event rate [19] . Nevertheless, the incidence of access site vascular events is still higher in the complete percutaneous group even though this did not appear to affect in-hospital mortality or length of hospital stay if it is recognized in timely manner and appropriately managed [19, 20] .
TRANSAPICAL ACCESS
The transapical access must be performed under general anaesthesia and preferably in a hybrid operating room in order to have the surgical and transcatheter equipment ready for use and to the best of the possibilities [21] . Briefly, a small left anterior mini-thoracotomy is performed in the fifth-sixth intercostal space to expose the apex of the left ventricle after opening the pericardium. In order to visualize and fix the operating window, the pericardium is anchored with several points to the skin. Polypropylene sutures forming a purse concentrically, usually in the number of two, are positioned catching wide portions of cardiac apex tissue. So, via the above-mentioned threads, the operator introduces the sheath into the left ventricle [22] . After transcatheter placement of the valve, the sheath is retracted and the sutures are tightened during rapid ventricular pacing to maintain low pressure in the final repair time. Transapical access approach is a "surgical" procedure without impairing of the thoracic cage and has the theoretical advantages of stroke prevention avoiding to cross the aortic arch with the device during the delivery [21, 22] . Contrary to the direct aortic approach, transapical approach can be used only with the SAPIEN valve that can be assembled backwards [23] . This access is advantageous especially in patients in whom the pre-procedure evaluation shows characteristics that determine a high risk of stroke and embolism as in the case of extensive calcifications, porcelain aorta and thrombus finding in the aortic arch [22] .
DIRECT AORTIC ACCESS
Direct transaortic access is one of the possibilities of a transcatheter implantation using a surgical access and it is either performed by a J-shaped mini-sternotomy or a right thoracotomy. The purpose of the operating window is to visualize an initial portion of the ascending aorta for the introduction of the valve delivery device. Depending on the anatomical position of the aorta, one of the two windows is suggested. The right thoracotomy is recommended in cases where the aorta runs in the right hemithorax and superficially near the rib cage, while the mini-sternotomy is chosen in those cases in which the vessel is in a central and deep position [24] . Once the window is realized, a suture bag is obtained on the designated aorta section for the final closure and, in the center of the managed area, the access to the vessel is first performed with a needle puncture and then with the device. The insertion of the device into the aorta must take into account the type of valve that is implanted, for example for Medtronic CoreValve a distance of at least 6-7 cm from the valve plane is necessary in order to ensure the complete deployment of the skeleton from the sheath. Using this wire as a rail, the device slides up to the aortic valve. In this approach, the position of the valve prosthesis is promoted by the shortness of the path between the access and the valve and by the absence of stress on the device as it happens in the femoral access for the passage in the aortic arch. Favourably, these conditions allow a short learning curve by the operator [25, 26] . After the valve implantation, the device is withdrawn while the previously prepared suture threads are tightened to close the vessel wall, the technique is comparable to decannulation after cardiopulmonary bypass. Finally, the chest wall is restored as usually occurs in cardio-thoracic surgery. The hemisternotomy allows to protect the pleura and to visualize and handle a large portion of aorta in which to select the access point. In case of patients with coronary bypass graft, it is advisable to use the thoracotomy to avoid its course [25, 26] . Finally, the direct aortic approach is suitable if the patient has a horizontal valvular plane or a particularly straight ascending aorta [25, 26] .
TRANSUBCLAVIAN
The approach through the subclavian artery takes advantage of a light sedation and local anaesthetic. In order to adequately display the artery, an incision is made between the deltopectoral groove and the pectoralis major. This technique is less invasive than a real surgical support and, at the same time, it overcomes a possible impairment of the peripheral accesses [27] . The brachial plexus, one of the most important nerve bundles of our body, is located above the subclavian artery and for this reason it is fundamental to protect it from complications such as artery dissection or pseudoaneurysm [28] . The artery can be highlighted by a band if it is accomplished through a surgical isolation and, as seen in other accesses, a suture purse is created with a 5-0 polypropylene thread on the front side of the vessel, both for safety and for the final closure. Considering a vessel without calcific disease, a minimum of 6 mm is required for the introduction of a 18Fr sheath while in the case of the presence of a patent's left internal mammary artery graft, the diameter must be at least 7.5 mm to maintain a sustainable downstream flow [27, 28] . The artery is pierced with a standard needle which is inserted in the center of the prepared sutured area, on that insertion point a soft 0.035 wire with a J-tip is introduced and a 6 Fr sheath is inserted on it. A catheter slides over the wire in the ascending aorta, then the soft wire is replaced with a super-stiff Amplatz wire. So, in order to get the 18 Fr sheath through the subclavian artery in the proximal ascending aorta, a series of increasing size of dilators, from 10 Fr, 12 Fr, 14 Fr up to 18 Fr, follow each other at the insertion point [27, 28] . The succeeding steps for the valve deployment adhere to the standard protocol of the procedure. After the sheath is removed, the purse-string suture is tied under direct visualization that would determine if additional sutures are needed. Continuous advances of this technique have recently leaded to publications of fully percutaneous procedures without surgical cutdown [27, 28] . However, these improvements are not yet able to displace surgical exposure as the routine practice [29] . Performing a transubclavian approach may be particularly challenging if the aortic plane forms an angle greater than 30 degrees with the horizontal plane. This complexity derives from the curving that the device must perform and from the consequent tension on it, increasing the difficulty in the proper deployment of the prosthesis [28, 29] . Furthermore, the occlusion of the vessel by the sheath or any damage to neighbouring vascular structures may result in dangerous ischemia, especially when it involves the flow of an internal mammary artery graft with possible myocardial infarction in the most severe conditions [28, 29] .
TRANSCAROTID
Among the possible strategies, an approach with a direct and short road to reach the planned position at the aortic valve plane is always recommended. This can also be achieved with the carotid access as well as with the transaortic and transapical approach [30] . A short path also allows a better support and greater precision in valve distribution than the femoral approach [30] . The patient is evaluated preliminarily to define the possibility of performing the procedure with the necessary occlusion of one carotid and therefore the maintenance of an adequate cerebral flow through the Willis circle from the contralateral carotid [31] . This is assessed by placing a shunt in the vessel to measure passive anterograde pressure in the common carotid artery, then the procedure is performed using a small cut as access under local anaesthesia [31] . The first series with this approach, through the proximal left common carotid artery, is reported by Modine et al. [32] and it counts 12 consecutive cases performed under general anaesthesia. The study does not report peri-procedural events, vascular complications or bleedings, the only adverse event recorded is an embolic transient ischemic attack starting from the contralateral carotid access [32] . Later, a study publishes a series of cases under local anaesthesia using both balloon expandable and self-expandable valve. Even if the study does not report access site complications, major adverse cardiac event or stroke, two patients died, one during valvuloplasty and one for multiple organ failure. Finally, three patients developed a third-degree atrioventricular block resulting in a definitive pacemaker implantation [30] . Therefore, we can conclude that this type of approach requires further studies and technical evolutions in order to be able to enter currently as an access option, considering also the possible aesthetic issue that could derive from it.
TRANSCAVAL
Another recently developed approach is the transcaval-aortic access which can be a useful alternative in cases of severe peripheral artery disease. The access puncture is performed at the femoral vein site, reaching the abdominal aorta and creating an artificial cava-aorta fistula. The characteristics of the venous wall allow an easy insertion of the oversized TAVI sheath. Furthermore, retroperitoneal anatomical structures guarantee a low risk of bleeding that may be due primarily to the arterio-venous shunt, which is repaired with an occluder device at the end of the procedure [33] .
The main challenge of this approach is the making of the cava-aorta connection through the intersection of the two vessel walls at the abdominal level. This can require multiple attempts by less experienced operators to achieve the entry in aorta, the use of haemostatic techniques, transfusions and the treating of leaks due to ineffective repairs. However, the learning curve appears to be short and procedural times are similar to those of femoral access [34] .
Considering the importance of the vascular roadmap to reach the aortic annulus for the valve implantation, the evaluation of the pre-procedure CT study becomes fundamental for the assessment of the calcifications, the diameters and the tortuosity of the vessels. Specifically, the crossing of the cava-aorta requires careful evaluation of the calcification and of secondary branches in order to allow a successful closure of the iatrogenic fistula with an occluder device. Porcelain aorta, previous abdominal endograft and other abnormalities of the aortic wall, represent a contraindication to this access, like an iliac severe tortuosity for the femoral access [35] . So, this approach is a valid option only in patients with a precise vascular anatomy and the for its hidden tricks it should be performed by skilled operators in experienced centers. Finally, it needs further studies, especially about the safety of the method [36] .
COMPARISON AMONG ACCESS SITE
The safety and performance of the TF approach, that have been achieved thanks to the extensive TAVI experience, are the main model of comparison for other access options. The TF approach is to be considered the only completely percutaneous access with the use of the femoral crossover technique and vascular closure devices. Alternative routes are subject to the inability to perform the procedure through the femoral access and they are identified as independent predictors of overall and cardiovascular mortality at 5 years in the real-world population [37] . TA and transubclavian access are the most used routes in presence of contraindications to the femoral approach and they both show high rates of procedural success. The only difference between them and the TF, although it is not statistically significant, is represented by a greater incidence of potentially fatal bleeding for the trans-apical approach [38] .
Studies reveal a reduction in vascular complication rate using transapical and trans-subclavian access compared to a fully percutaneous femoral access. While this is easily understood for the transapical access due to its inherent features, data for the trans-subclavian are difficult to explain [39] .
A comparison between TF versus transubclavian access produces no considerable differences in 30 days mortality, stroke and new pacemaker implantation. Similarly to the transubclavian access, the trans-axillary compared to the TF approach shows no relevant differences in 30 days mortality but it needs general anaesthesia more frequently and leads to a greater tendency of vascular complications [40] .
On the other hand, the trans-apical approach is a more invasive procedure and involves a higher rate of surgical conversion, longer hospitalization, a higher rate of renal failure and higher mortality rates than the TF route [41] . Furthermore, no statistically significant differences are reported in stroke incidence and new pacemaker implantation using the trans-apical compare to the femoral access [39] [40] [41] .
VASCULAR ACCESS SITE COMPLICATIONS
The most used access for TAVI is the femoral one, which represents 70% of the procedures [42] .
The most common complications performing TAVI are the dissection and rupture of the vessels that represent the vascular route of the valve device, so the vessels of the hip, pelvis, the aorta at the abdominal level and the aortic arch. Moreover, complications on the puncture site such as hematoma and pseudoaneurysm are recurrent [42] . The importance of complications derives from their proven impact on mortality and hospitalization which disposes to further complications [43, 44] . From the standardization of the Valve Academic Research Consortium (VARC) definitions, the assessment of complications frequency is more accurate. The incidence of major vascular complications is ranged between 10% and 20% while minor vascular complications are around 10.2% [44] .
Since the valve is squeezed into the catheter for the deployment, the greater the diameter of the valve, the greater will be the diameter of the catheter and, therefore, the greater the complications for the trauma of the passage of the device inside vessels [45] . In particular, a ratio between the diameter of the sheath and that of the femoral artery above 1.05 is considered risky, as well as unskilled operator, center with limited experience, severe calcifications and a sheath size greater than 19 Fr . In fact, in a large European multicentric registry, the prevalent use of the 18 Fr device brings to a considerable decrease of vascular complications, with a 2.9% for the trans-femoral access [47] . The study shows no difference in vascular complications between the two main devices Medtronic Core Valve versus Edwards SAPIEN XT valves with a rate of 2.8% and 3.3% respectively (P = 0.66) [47] . We are dealing with a further reduction of complications with the introduction of the new 14 Fr systems.
ACCESS AND BLEEDING
The formation of hematomas and the presence of bleeding at the TAVI access site are common complications, estimated between 11% and 18% of patients [48] . As previously stated, complications and therefore also haemorrhage and hematoma of the access site result in longer hospitalization for their management or for the treatment of further complications such as infections [47] [48] [49] .
Following the reduction of the diameter of the devices and the improvement of the technique and experience of the operators and centers, there was a decrease in bleeding rates. A prompt management of bleedings and hematomas is essential, the less severe cases can be solved with adequate compression, possibly under ultrasound guidance. Hematomas of larger size, due to diagnosed late or creating compression of the surrounding tissue, must be treated surgically [50] . Finally, in case of adequately early diagnosis and after failure of a compressive first treatment, endovascular techniques are used through a contralateral femoral access. These consist in prolonged inflation of a balloon at the level of the hole of vessel wall and in case of failure of this approach, angioplasty is performed with the placement of a covered stent [51] .
CONCLUSION
The indications for TAVI are expanding and the always more skilled operators must guarantee the best approach in terms of safety and procedural success. On the other hand, the devices make important progress on technical aspects, becoming smaller, with easy delivery, accurate positioning and thus realizing the valve implantation in a more feasible and effective way.
Access site is one of the main topic to assure the TAVI safety and in order to choose the best approach for every patient and plan successful strategy of implantation, the preprocedural CT angiography study results are fundamental. Especially in patients with difficult access, the evaluation of risk factors and the experience in endovascular techniques allow the operators to predict, face promptly and overcome vascular access complications.
Whatever the access and the chosen strategy, a discerning management of the access site in structural procedures, such as TAVI, allows to protect the patient from a high morbidity and mortality.
